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Microvascular pericytes and perivascular fibroblasts
have recently been identified as the source of scar-pro-
ducing myofibroblasts that appear after injury of the
kidney. We show that cross talk between pericytes and
endothelial cells concomitantly dictates development of
fibrosis and loss of microvasculature after injury. When
either platelet-derived growth factor receptor (R)-� sig-
naling in pericytes or vascular endothelial growth fac-
tor (VEGF)R2 signaling in endothelial cells was blocked
by circulating soluble receptor ectodomains, both fibro-
sis and capillary rarefaction were markedly attenuated
during progressive kidney injury. Blockade of either
receptor-mediated signaling pathway prevented peri-
cyte differentiation and proliferation, but VEGFR2
blockade also attenuated recruitment of inflammatory
macrophages throughout disease progression. Whereas
injury down-regulated angiogenic VEGF164, the dys-an-
giogenic isomers VEGF120 and VEGF188 were up-regu-
lated, suggesting that pericyte-myofibroblast differenti-
ation triggers endothelial loss by a switch in secretion of
VEGF isomers. These findings link fibrogenesis inextri-
cably with microvascular rarefaction for the first time,
add new significance to fibrogenesis, and identify novel
therapeutic targets. (Am J Pathol 2011, 178:911–923; DOI:

10.1016/j.ajpath.2010.10.012)
Prompted by recent identification that kidney pericytes
and to a lesser extent perivascular fibroblasts are the
source of scar-forming myofibroblasts and previous stud-
ies in the eye and brain that identified pericytes as pivotal
cells in developmental angiogenesis and vascular stabi-
lization,1–4 we wanted to determine whether injury-stimu-
lated pericyte-endothelial cross talk led not only to migration
of pericytes from capillaries and differentiation into myofi-
broblasts but also to destabilization of capillaries in the
kidney. Microvascular rarefaction after injury in the kidney
and other organs is increasingly implicated in organ isch-
emia, chronic inflammation, and progressive loss of organ
function.5–8 Therefore, strategies to prevent microvascular
rarefaction are highly desirable. Regulated platelet-derived
growth factor (PDGF) signaling from endothelial cells to
pericyte PDGF receptor (R)-� (PDGFR-�) has been shown
to be vital in vascular stabilization and in sprouting angio-
genesis.9–11 PDGFs have also been implicated in fibrogen-
esis.12–15 PDGF over expression in endothelial cells, however,
paradoxically promotes vascular rarefaction, suggesting that
pro-apoptotic factors are released from, or survival factors
are down-regulated in, expanded pericytes/fibroblasts.16

Although vascular endothelial growth factor (VEGF) signal-
ing from pericytes to endothelial cells has been implicated
in developmental angiogenesis,17–19 and more recently
VEGF signaling from the specialized pericytes of the kidney
glomerulus known as podocytes has been shown to be
crucial for vascular stabilization,20 the presence of VEGF
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receptor 1 (VEGFR1) FMS-like tyrosine kinase 1 (Flt1) and
receptor 2 (VEGFR2) VEGF receptor 3 and Neuropilin 1 on
endothelial cells, the regulated expression of four distinct
VEGF genes, and the regulated expression of multiple tran-
scription splice variants render VEGF signaling more com-
plicated than simple binary ligand-receptor interac-
tions.21–26

Materials and Methods

Coll-GFP Mouse Model

Coll-GFP transgenic mice were generated and validated as
previously described on the C57BL/6 background.1 All
studies were carried out under protocols approved by the
Institutional Animal Care and Use Committee, National Tai-
wan University College of Medicine; Animal Research and
Comparative Medicine, Harvard Medical School; and the
Office of Animal Welfare, University of Washington.

Mouse Models of Fibrosis

Unilateral ureteric obstruction (UUO) was performed in
adult mice (8 to 12 weeks), as previously described.1

Briefly, under anesthesia by ketamine/xylazine (100/10
mg/kg i.p), the left ureter was exposed through flank
incision in the prone position. The ureter was ligated
twice using 4�0 nylon surgical sutures at the level of the
lower pole of the kidney. In some experiments, sham
operation was performed by flank incision only. The uni-
lateral ischemia-reperfusion injury (IRI) model was per-
formed, as previously described27 using a 30-minute
ischemic time at 36.8°C to 37.3°C core temperature.

Construction of Adenovirus

Adenovirus expressing soluble (s) PDGFR� and soluble (s)
VEGFR2 were generated and purified as previously de-
scribed.9 Briefly, PDGFR� ectodomain cDNA (correspond-
ing to amino acids 1 to 527) was amplified from embryonic
day 12.5 mouse embryo cDNA with C-terminal His6 epitope
tag and VEGFR2 cDNA sequence encoding signal peptide,
and the ectodomain (to TIRRVRKEDGG, amino acid 731)
was fused to murine IgG2a Fc (fragment of IgG after papain
digesion with constant regions) fragment. Adenovirus was
then generated by homologous recombination followed by
production in 293 cells and CsCl gradient purification. Ad-
enovirus titers were calculated as plaque-forming units on
293 cells. The sPDGFR� and sVEGFR2 were purified from
adenoviral supernatants using affinity chromatography (GE
Healthcare, Pittsburgh, PA).

Adenovirus Administration and Detection of
Plasma Transgene Expression

Adult Coll-GFP mice (8 to 12 weeks) received a single i.v.
tail vein injection of 1 � 109 plaque-forming units of the
indicated at the indicated time points (n � 6 for each group
at each time point). At the indicated time points after injec-

tion, whole blood was obtained by retro-orbital phlebotomy
followed by Western blot analysis of 1 �l of plasma using
anti-His probe antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) and then anti-rabbit IgG-HRP for PDGFR� ect-
odomain, and anti-IgG2a Fc-HRP antibody (Thermo Scien-
tific, Rockford, IL) for VEGFR2 ectodomain.

Cell Culture and Purification

Purification of Pericytes from the Normal Kidney

Pericyte purification from the normal kidney was previ-
ously described.1 Briefly the kidney was decapsulated,
diced, and then incubated at 37°C for 30 minutes with
liberase (0.5 mg/ml) (Roche) and DNase (100 U/ml, Roche)
in HBSS. After centrifugation, cells were resuspended in 5
ml of PBS/1% bovine serum albumin, and filtered (40 �m).
Pericytes were purified from the single cell suspension by
isolating GFP� cells using FACSAria cell sorting, and then
total RNA was isolated using RNeasy Mini Kit (Qiagen,
Valencia, CA). Note this purification does not distinguish
pericytes from perivascular fibroblasts.

Purification and Culture of Myofibroblasts from
the Kidney

Purification of kidney myofibroblasts from the kidney on
day 7 after UUO was previously described.1 The kidney
was decapsulated, diced, and then incubated at 37°C for
1 hour with liberase (0.5 mg/ml) (Roche) and DNase (100
U/ml, Roche) in HBSS. After centrifugation, cells were
resuspended in 5 ml of PBS/1% bovine serum albumin,
and filtered (40 �m). Myofibroblasts from the kidney after
UUO were purified from single-cell suspension by isolat-
ing GFP� cells using FACSAria cell sorting, and then the
total RNA was isolated, or purified cells were cultured in
Dulbecco’s modified Eagle’s medium with 20% fetal bo-
vine serum (FBS). The primary cultured cells used in this
study were between passages 4 and 6 and have been
previously characterized.27 For transcriptional analysis,
total RNA was isolated from sorted UUO kidney fibro-
blasts using RNeasy Mini Kit (Qiagen).

Preparation of Peripheral Blood Monocytes and
Macrophages from the Kidney after UUO

Blood (500 �l) was collected from the inferior vena cava
in sodium citrate (0.38%). Remaining blood was flushed
out with ice-cold PBS; then the kidney on day 7 after UUO
was harvested. Peripheral blood mononuclear cells were
isolated from citrated whole blood using Ficoll-Paque
PLUS (GE Healthcare). The kidney was decapsulated,
diced, and incubated at 37°C for 1 hour with liberase/
DNase as previously described. Peripheral blood mono-
nuclear cells and digested kidney tissue were resus-
pended in Dulbecco’s modified Eagle’s medium/F12
medium with 10% FBS, plated onto cell culture dishes
and incubated at 37°C for 1 hour. Nonadherent cells were
washed away vigorously by ice-cold PBS five times; then
the adherent peripheral blood monocytes or macro-
phages from UUO kidney (UUO macrophages) were

lysed using RNeasy Mini Kit (Qiagen) for total RNA ex-
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traction.28 Bone marrow macrophages were prepared as
previously described from whole bone marrow.27

Culture of Human Umbilical Vein Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) were
prepared from human umbilical cords by collagenase
digestion and then cultured in M199 medium supple-
mented with 20% FBS. The primary cultured cells used in
this study were between passages 4 and 7.7

In Vitro Analysis of Soluble Ectodomain
Function

Myofibroblasts from UUO kidney were cultured in Dulbec-
co’s modified Eagle’s medium with 0.5% FBS for 16 hours
and then incubated with platelet growth derived factor-BB
(PDGF-BB) (10 ng/ml) (R&D Systems, Minneapolis, MN)
in the presence or absence of affinity-purified sPDGFR�
(200 ng/ml) or sVEGFR2-Fc (5 �g/ml) for 15 minutes. The
HUVEC were cultured in M199 with 0.5% FBS for 1 hour and
then incubated with VEGF (20 ng/ml) (R&D Systems) in the
presence or absence of sVEGFR2-Fc or sPDGFR� for 15
minutes.9 The extent of PDGFR� or VEGFR2 phosphoryla-
tion was determined by Western blot analysis of whole-cell
extracts. Day 7 bone marrow macrophages were cultured
in 12-well plates for 24 hours with supernatants containing
sPDGFR�, sVEGFR2, or sFc, and co-activated with LPS
(Sigma) 100 ng/ml. Activation was determined by the extent
of IL1� transcripts normalized to GAPDH transcripts.29

Tissue Preparation and Histology

Mouse tissues were prepared and stained as previously
described.1 Primary antibodies against the following pro-
teins were used for immunolabeling: �SMA-Cy3 (1:200,
clone 1A4, Sigma), Ki-67, PDGF-B (1:200, Abcam, Cam-
bridge, UK), F4/80, CD31 (1:200, eBioscience, San Di-
ego, CA), VEGF (1:200, Santa Cruz Biotechnology),
Tyr751 phospho-PDGFR�, and Tyr1175 phospho-
VEGFR2 (1:100, Cell Signaling Technology), Laminin (1:
1000, Sigma). Fluorescent conjugated affinity purified
secondary antibody labeling (1:400–1:800) (Jackson
ImmunoResearch, West Grove, PA), co-labeled with
DAPI, mounting with Vectashield (VectorLabs, Bur-
lingam, CA) with DAPI, image capture, and processing
were carried out as previously described. To study en-
dothelial cells entering the cell cycle after UUO injury,
cryosections were labeled with antibodies against Ki-67,
followed by Cy3-conjugated secondary antibody, and
then anti-CD31 antibody, followed by Alexa Fluor 350-
conjugated secondary antibody (1:500) (Molecular
Probes, Carlsbad, CA), and were mounted with ProLong
Gold (Invitrogen, Carlsbad, CA). Quantification of specific
cells in tissue sections was carried out as previously de-
scribed. In brief, sections were co-labeled with DAPI; Coll-
GFP� cells were identified by blue and green nuclear co-
localization; �SMA�, and F4/80� cells were identified by
greater than 75% of the cell area immediately surrounding

nuclei (detected by DAPI) staining positive with Cy3 fluo-
rescence indicative of the antigen expression; Ki-67� cells
were identified by positive nuclear staining for Cy3 fluores-
cence. Specific cells were counted in 10 cortical interstitial
fields randomly selected at �400 magnification per mouse.
Vessel fluorescence was analyzed in images at �400 mag-
nification captured from CD31-stained sections of 10 differ-
ent fields from six different animals. Based on fluorescence
intensities ranging from 0 to 255, peritubular capillaries
were distinguished from the background by empirically de-
termining threshold values that marked only blood vessels
in specimens from control kidney in sham-operated mice.
The threshold was constant for all measurement.9 Alterna-
tively, in IRI studies, vascular rarefaction was scored using
a grid-based method.30 Interstitial fibrosis was quantified in
Picrosirius red-stained paraffin sections. The morphometry
of CD31� peritubular capillary and Picrosirius red� colla-
gen was quantified using the FoveaPro4 program (Reindeer
Graphics, Inc.) as described previously.1 Human kidney
biopsy fresh tissues were obtained during routine biopsy
collection for pathologic analysis during the course of rou-
tine clinical practice (IRB protocol 2007P000268). Samples
were prepared for EM using standard methods for routine
EM imaging.

RT-PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen).
Purity was determined by A260 to A280. cDNA was synthe-
sized using oligo(dT) and random primers. Conventional
and quantitative PCR was performed using methods previ-
ously described.1 The specific primer pairs used in PCR are
listed in Tables 1–3. The primer pairs for VEGF-A in Tables
1 and 2 were designed to amplify all isoforms including
VEGF120, VEGF164, and VEGF188.31

Western Blot Analysis

Total cellular protein extracted using radioimmunoprecipi-
tation assay buffer was subjected to Western blot analysis
using methods previously described.32 The following pri-

Table 1. Primer Sequences Used in RT-PCR

Gene Sequences

GAPDH
Forward 5=-ACTCCACTCACGGCAAATTC-3=
Reverse 5=-CACATTGGGGGTAGGAACAC-3=

Coll1a1
Forward 5=-CTGGTGAACAGGGTGTTCCT-3=
Reverse 5=-AGAACCATCAGCACCTTTGG-3=

Kim1
Forward 5=-ATGAATCAGATTCAAGTCTTC-3=
Reverse 5=-TCTGGTTTGTGAGTCCATGTG-3=

F4/80
Forward 5=-TTTTCAGATCCTTGGCCATC-3=
Reverse 5=-ACACTGGGGCACTTTTGTTC-3=

VEGFR2
Forward 5=-AGTGGCTCTGTCCTCCAAGA-3=
Reverse 5=-GCAAACCTTCCAAAACCAAA-3=

VEGF-A
Forward 5=-ATCTTCAAGCCGTCCTGTGT-3=

Reverse 5=-GCATTCACATCTGCTGTGCT-3=
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mary antibodies were used to detect the specific protein:
VCAM1, ICAM1, VEGF (Santa Cruz Biotechnology), Tyr751
phospho-PDGFR�, Tyr1175 phospho-VEGFR2, VEGFR2
(Cell Signaling Technology, Beverley, MA), and PDGFR�
(gift from Dr. William Stallcup), and GFP (Medical & Biolog-
ical Laboratories Co., Nagoya, Japan).

Fluorescence-Activated Cell Sorting (FACS)
Analysis

Single cells (1 � 105) from cultured HUVEC and UUO
kidney myofibroblasts were resuspended in FACS buffer
and incubated with antibodies against VEGFR2 (1:400)
(R&D Systems) for 30 minutes at 4°C in the presence of

Table 2. Primer Sequences Used in Quantitative RT-PCR

Gene Sequences

PDGF-B
Forward 5=-CCCACAGTGGCTTTTCATTT-3=
Reverse 5=-GTGAACGTAGGGGAAGTGGA-3=

TGF�1
Forward 5=-GGACTCTCCACCTGCAAGAC-3=
Reverse 5=-GACTGGCGAGCCTTAGTTTG-3=

FGF2
Forward 5=-AGCGGCTCTACTGCAAGAAC-3=
Reverse 5=-TGGCACACACTCCCTTGATA-3=

BMP7
Forward 5=-GTACGTCAGCTTCCGAGACC-3=
Reverse 5=-GGTGGCGTTCATGTAGGAGT-3=

TNF�
Forward 5=-TAGCCAGGAGGGAGAACAGA-3=
Reverse 5=-TTTTCTGGAGGGAGATGTGG-3=

CCL2
Forward 5=-AGCACCAGCCAACTCTCACT-3=
Reverse 5=-CGTTAACTGCATCTGGCTGA-3=

CCR2
Forward 5=-ATTCTCCACACCCTGTTTCG-3=
Reverse 5=-GATTCCTGGAAGGTGGTCAA-3=

CX3CL1
Forward 5=-TCGGACTTTGTTGGTTCCTC-3=
Reverse 5=-CAAAATGGCACAGACATTGG-3=

CX3CR1
Forward 5=-GGAGACTGGAGCCAACAGAG-3=
Reverse 5=-CCTGATCCAGGGAATGCTAA-3=

VEGF-A
Forward 5=-ATCTTCAAGCCGTCCTGTGT-3=
Reverse 5=-GCATTCACATCTGCTGTGCT-3=

VCAM1
Forward 5=-TACCAGCTCCCAAAATCCTG-3=
Reverse 5=-TCTGCTAATTCCAGCCTCGT-3=

ICAM1
Forward 5=-AGCACCTCCCCACCTACTTT-3=
Reverse 5=-AGCTTGCACGACCCTTCTAA-3=

GAPDH
Forward 5=-CTGGAGAAACCTGCCAAGTA-3=
Reverse 5=-AAGAGTGGGAGTTGCTGTTG-3=

Table 3. Primer Sequences Used in Quantitative RT-PCR of VEG

Gene

VEGF Common forward
VEGF120 Reverse
VEGF144 Reverse

VEGF188 Reverse
1% mouse serum. After washing with FACS wash buffer,
and resuspending in 200 �l FACS buffer, cells were an-
alyzed using BD FACSCalibur flow cytometer.29

Statistical Analysis

Error bars are the SE of the mean. Statistical analyses
were carried out using GraphPad Prizm (GraphPad Soft-
ware, La Jolla, CA). The statistical significance was eval-
uated by one-way analysis of variance.

Results

Blockade of PDGFR� or VEGFR2 Attenuates
Fibrogenesis

Soluble ectodomains of PDGFR� (sPDGFR�) and
VEGFR2 (sVEGFR2-Fc) effectively blocked tyrosine
phosphorylation of native cognate receptors triggered by
PDGF or VEGF in cultured kidney myofibroblasts or en-
dothelial cells, respectively (Figure 1, A and B) indicating
that these receptors can function as soluble inhibitors of
endogenous receptor function. Mice treated with single
IV injections of adenovirus led to stable and robust ex-
pression of soluble ectodomains of PDGFR� (sPDGFR�),
VEGFR2 (sVEGFR2-Fc), or control protein (sFc) in the
circulation (Figure 1C). Reporter mice expressing the
transgene Coll1a1-GFP (Coll-GFP) were given adenovirus
and were then subjected to progressive kidney injury
induced by surgical UUO. Coll-GFP is detected in peri-
cytes, podocytes, and perivascular fibroblasts of the kid-
ney.1,2 Whereas fibroblasts are spindle-shaped cells of
mesenchymal origin surrounded by collagen matrix, peri-
cytes in the kidney are defined anatomically as exten-
sively branched cells of mesenchymal origin (derived
from FoxD1-expressing progenitors) that partially sur-
round the endothelium of capillaries. The branched pro-
cesses of the pericytes are sheathed within the capillary
basement membrane and the basement membrane is
often broken or incomplete between the endothelial cell
and pericyte, allowing close appositions or interdigita-
tions to occur (Supplemental Figure S1, see http://ajp.
amjpathol.org).33–38 Perivascular fibroblasts, on the other
hand, although of similar origin to kidney pericytes, sur-
round arterioles within a collagenous matrix and have no
close appositions with endothelial cells38 (Supplemental
Figure S1, see http://ajp.amjpathol.org). In mice that pro-
duced circulating control sFc due to adenoviral injection,
tyrosine phosphorylation of PDGFR� and VEGFR2 was
detected in pericytes and endothelial cells, respectively,
focally, in UUO kidney as early as day 1 after UUO

rms

Sequences

5=-ACAGCAGATGTGAATGCAGACCAAAGAAAG-3=
5=-CGGCTTGTCACATTTTTCTGG-3=
5=-CAAGGCTCACAGTGATTTTCTGG-3=
F Isofo
5=-AACAAGGCTCACAGTGAACGCT-3=
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surgery (Figure 1, D and E). Tyrosine phosphorylation of
both PDGFR� and VEGFR2 was readily detectable by
Western blot analysis of the whole kidney on day 4 after
UUO (Figure 1F). Circulating sVEGFR2-Fc abolished
phosphorylation of both PDGFR� and VEGFR2, whereas
sPDGFR� only exerted potent inhibition on PDGFR� (Fig-
ure 1F). In diseased mice producing circulating control
sFc, there was an expected increase in Coll-GFP fluores-
cence in kidney on day 4 (Figure 1, G and H) and day 10
(Figure 1H), indicating increase of collagen 1 (�1) tran-
scripts and expansion of pericyte-derived interstitial
myofibroblasts. Increased Coll-GFP fluorescence was
attenuated by either sPDGFR� or sVEGFR2-Fc. These

findings in tissue sections were supported by de-
creased GFP protein production and decreased colla-
gen 1 (�1) transcripts in the kidneys after 4 days of
injury (Figure 1L). The consequence of inhibition of
collagen 1 (�1) transcription was marked attenuation
of fibrosis (Figure 1, J and K). Notably downregulation
of transcripts for pro-fibrotic effectors PDGF-B, TGF�1,
and FGF2 was achieved by either sPDGFR� or
sVEGFR2-Fc (Figure 1L). However, levels of transcripts
for anti-fibrotic BMP7, which are down-regulated after
kidney injury, were partially restored by sVEGFR2, and
this difference was not significant when compared with
kidneys exposed to sFc; therefore, it is unlikely to play
a role mechanistically (Figure 1L). Thus, targeting re-

Figure 1. Selective inhibition of VEGFR2 or
platelet-derived growth factor (PDGFR)� signal-
ing by soluble circulating receptors attenuates
kidney fibrosis after ureteral obstruction. A, B:
Western blots of kidney myofibroblast phospho-
PDGFR� (A) or human umbilical vein endothe-
lial cells phospho-VEGFR2 (B) stimulated by
PDGF-BB or VEGF and inhibited by purified
sPDGFR� and sVEGFR2-Fc in vitro. C: Time
course of circulating adenovirus-mediated
sPDGFR� and sVEGFR2-Fc production by West-
ern blot analysis of 1 �l of plasma after i.v.
administration of adenoviruses (1 � 109 plaque-
forming units) to adult Coll-GFP mice 3 days
before unilateral ureteral obstruction (UUO) sur-
gery. D–F: Immunofluorescence images (D, E)
of day 1 post-UUO Coll-GFP kidneys and West-
ern blot (F) of day 4 post-UUO kidneys from
mice with circulating adenovirus-mediated
sPDGFR�, sVEGFR2-Fc, or sFc, detecting phos-
pho-PDGFR� or phospho-VEGFR2 (arrow-
heads in D and E). G, H: Low-power fluores-
cence images of Coll-GFP in kidney sections in
control (CON) or day 4 after UUO (g denotes
glomerular podocytes) (G), indicating collagen 1
(�1) transcription and interstitial pericytes/
perivascular fibroblasts (H), from mice-produc-
ing systemic sPDGFR�, sVEGFR2-Fc, or sFc. I:
Western blot of GFP protein or GAPDH levels
(upper) or Q-PCR for collagen 1 (�1) transcripts
(lower) in control [C] and day 4 after UUO [U]
kidney cortex (n � 6/group). J, K: Images of
picrosirius red-stained kidney sections for inter-
stitial fibrillar collagens (red) (J), and morpho-
metric quantification of fibrillar collagen from
whole sagittal kidney sections (K). L: Q-PCR of
transcripts of profibrotic effectors, in kidney cor-
tex day 4 after UUO in mice-producing systemic
sPDGFR�, sVEGFR2-Fc, or sFc. *P � 0.05,
**P � 0.01, ***P � 0.001 (n � 6/group).
ceptors expressed exclusively by either pericytes (in-
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cluding perivascular fibroblasts) or endothelial cells
prevents fibrogenesis.

To determine whether the anti-fibrotic properties of
sPDGFR� and sVEGFR2-Fc were generalizable to other
models of injury to the cortex and medulla of kidney, we
studied their properties in a second fibrogenic model,
which we previously reported, called the unilateral IRI
model.27 Single kidneys exposed to IRI develop progres-
sive interstitial fibrosis by 15 days. Similar to the studies
of UUO injury, mice received viruses 3 days before IRI
and organs and blood were assessed on day 15 (Sup-
plemental Figure S2A, see http://ajp.amjpathol.org).
Mouse blood contained readily detectable receptor ect-
odomains on day 0 through day 15 after IRI surgery, and
kidneys from mice with sPDGFR� or sVEGFR2-Fc in
blood experienced considerably less interstitial fibrosis
on day 15 post IRI (Supplemental Figure S2, B and C, see
http://ajp.amjpathol.org), which were similar to our obser-
vations in the UUO kidney injury model.

Blockade of PDGFR� or VEGFR2 Limits
Pericyte Proliferation and Detachment from
Capillaries

To understand the mechanism of action further, prolifer-
ation of Coll-GFP� interstitial cells was quantified on day
4 after injury onset in the UUO model. Either VEGFR2 or
PDGFR� blockade attenuated Coll-GFP� cell prolifera-
tion (Figure 2, A and B). By contrast, proliferation in
injured epithelial tubules was unaffected (Figure 2, A and
C). By day 1 after kidney injury onset, pericytes could be

Figure 2. The platelet-derived growth factor
(PDGFR)� or VEGFR2 blockade prevents peri-
cyte proliferation, migration, and differentiation
in kidneys after unilateral ureteral obstruction
(UUO) injury. A–C: Split-image immunofluores-
cence micrographs of Coll-GFP� pericytes/
myofibroblasts in control or day 4 after UUO
kidneys co-labeled with the pan-cell-cycle
marker Ki-67 (A), and quantification of Coll-
GFP�, Ki-67� interstitial cells (arrowheads in
A and B), or Ki-67� tubule epithelial cells (C).
D: Immunofluorescence micrographs of endothe-
lial (CD31, red) cell, and Coll-GFP� cell interac-
tions in mouse kidneys on days 1 and 2 after UUO
or control kidneys showing Coll-GFP� pericyte
detachment and migration from capillaries (ar-
rowheads) by day 1 and pericyte population ex-
pansion by day 2, only in mice producing circulat-
ing sFc protein. E: Graph of Coll-GFP� interstitial
cell number at early timepoints after UUO. F–H:
Immunofluorescence micrographs (F) of kidney
interstitial �SMA expression (red) by Coll-GFP�
cells, 4 days after UUO or control (a denotes vas-
cular smooth muscle cells of arterioles (arrow-
head) Coll-GFP� cell without �SMA staining).
Quantification of �SMA� interstitial cells (G) and
% of �SMA�, Coll-GFP� interstitial cells (H). *P �
0.05, ***P � 0.001 versus sFc-treated UUO kidney
(n � 6/group).

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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detected detaching and moving away from capillaries,
and by day 2, the pericyte population had increased. In
mice expressing circulating sPDGFR� or sVEGFR2-Fc,
pericytes remained adherent to endothelial cells in dis-
eased kidney and the pericyte population was not in-
creased (Figure 2, D and E). Because kidney injury in this
model is believed to initiate in epithelial tubules due to
high back pressure and loss of tubular flow, the finding
that epithelial proliferation is unaffected by receptor
blockade serves as both an important control for epithe-
lial injury, but it also localizes the effect of PDGFR� block-
ade and VEGFR2 blockade to the perivascular signaling
compartment. The �SMA is a robust marker of the differ-
entiated myofibroblast cell in the adult kidney, but is not
expressed by adult mouse pericytes.1,2 Not surprisingly,
the number of �SMA-expressing cells decreased in re-
sponse to VEGFR2 blockade or PDGFR� blockade (Fig-
ure 2, F and G). However, in addition the proportion of
Coll-GFP� cells that co-expressed the myofibroblast
marker �SMA also decreased from 99% to 94% and 89%
in response to PDGFR� and VEGFR2 blockade, respec-
tively (Figure 2, F and H), providing further evidence that
both administered proteins prevented pericyte migration
and differentiation. Notably VEGFR2 blockade was most
effective in blocking this differentiation. Similarly in the
unilateral IRI model of kidney fibrosis, �SMA expression
was also attenuated in mice with circulating sPDGFR� or
sVEGFR2-Fc (Supplemental Figure S2, D and F, see http://
ajp.amjpathol.org) indicating a similar mechanism of ac-
tion in that injury model.

Blockade of PDGFR� or VEGFR2 Limits Innate
Immune Responses

In recent studies, we identified recruited inflammatory
macrophages as a potent leukocyte in immune-medi-
ated fibrosis progression through cellular cross
talk.27,29,39,40 Inflammatory macrophages likely play a
direct role in pericyte differentiation. Both PDGFR� and
VEGFR2 blockade attenuated recruitment of inflamma-
tory macrophages in the UUO model of fibrosis (Figure 3,
A–C), but this was more sustained and greater when
VEGFR2 signaling was blocked. Consistent with this, in-
jury-stimulated expression of endothelial transcripts and
protein levels for the monocyte adhesion molecules
VCAM1 and to a lesser extent ICAM1, was inhibited by
the blockade of VEGFR2 signaling (Figure 3, D and E).
We calculated that the reduction in VCAM1 level reflected
true downregulation of the endothelial cell adhesion mol-
ecule, not merely a reflection of VEGFR2-mediated ef-
fects on vascular density. This key finding in vivo was
supported by findings that VEGF-induced VCAM1 up-
regulation in cultured HUVECs was inhibited by
sVEGFR2-Fc (Supplemental Figure S3, see http://ajp.
amjpathol.org). Furthermore, VEGFR2 blockade had the
additive effect of inhibiting monocyte chemokines CCL2
(MCP1) and CX3CL1 (fractalkine) (Figure 3F), whereas
PDGFR� blockade less consistently inhibited these key
regulators of monocyte recruitment (Figure 3, D–F).

Therefore, one of the mechanisms by which VEGFR2
blockade inhibits fibrogenesis may be through inhibition
of macrophage recruitment. Similar observations were
made in the fibrosing IRI model (Supplemental Figure S4,
A–C, see http://ajp.amjpathol.org). Although PDGFR�
may be expressed by some subpopulations of macro-
phages, we have not observed kidney macrophage ex-
pression of PDGFR� and VEGFR2 expression is re-
stricted to endothelium (see as follows) (Supplemental
Figure S5, see http://ajp.amjpathol.org). Nevertheless, be-
cause receptor blockade limited inflammatory re-
sponses, then to exclude the possibility that VEGFR2
blockade or PDGFR� blockade acted through inflamma-
tory macrophages rather than through endothelial cells or
pericytes, we tested the effect of soluble receptors in
macrophage activation (Table 4). As expected the solu-
ble receptors had no effect on M1 type activation of
macrophages.29 Neither PDGF-BB nor VEGF-A activated
macrophages (not shown).

Blockade of PDGFR� or VEGFR2 Prevents
Microvascular Rarefaction

We were surprised to find that the UUO model, which is
triggered by obstruction of urine flow, causing back pres-
sure in the epithelium of the nephrons, is also character-
ized by early microvascular leak, indicative of microvas-
cular injury (Supplemental Figure S6A, see http://ajp.
amjpathol.org). To understand the significance to the
microvasculature of VEGFR2-mediated or PDGFR�-me-
diated pericyte migration from the microvasculature, and
pericyte differentiation into scar-forming myofibroblasts,
we assessed the peritubular capillaries of the kidney after
injury. The VEGFR2 or PDGFR� blockade attenuated mi-
crovascular leak (Supplemental Figure S6B, see http://
ajp.amjpathol.org). Endothelial cells of the peritubular
capillaries entered the cell cycle from day 1 after UUO
injury, which peaked at day 4 and then returned to base-
line gradually (Figure 4, A and B). Morphometric quanti-
fication of the kidney microvasculature showed increased
capillary density early after injury onset, reflecting the
early angiogenic response to injury. This increased den-
sity was detectable from day 2 after injury onset and
coincided with pericyte migration from endothelial cells
(Figure 4C, and Figure 2D). The angiogenic response
persisted through day 7 (Figure 4, A-C), but as the injury
progressed, there was significant rarefaction of the mi-
crovasculature by day 10 after injury, suggesting that
endothelial proliferation may be initially effective but later
deleterious. The VEGFR2 blockade completely attenu-
ated the early angiogenic response to injury when quan-
tified on day 2 and day 4 after the injury onset and
PDGFR� blockade partially attenuated this response
(Supplemental Figure S6, C and D, see http://ajp.amjpathol.
org, and Figure 4, D, E, and G). Conversely, both
VEGFR2 blockade and PDGFR� blockade prevented the
capillary rarefaction in the second week of injury (Figure
4, D and F). Thus, VEGFR2 blockade stabilizes the vas-
culature and although PDGFR� blockade is partially per-
missive for angiogenesis, it nevertheless blocks rarefac-

tion. To test whether the blockade of this initial phase of
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successful angiogenesis (day 2 to day 4) was necessary
for the subsequent protection from microvascular rar-
efaction, UUO injury was performed on kidneys of Coll-
GFP mice, but adenoviruses were administered on day 3
resulting in soluble VEGFR2-Fc or sPDGFR� production
in the circulation from day 4 onward. In these studies,
although the receptor blockade was not initiated until
after peak angiogenesis, blockade of both receptors was
nevertheless highly effective in preventing microvascular

Figure 3. Platelet-derived growth factor (PDGFR)� or VEGFR2 blockade
micrographs showing interstitial F4/80� macrophages in Coll-GFP control
sPDGFR�, or sVEGFR2-Fc. Graphs (B, C) quantifying F4/80� kidney intersti
in whole kidney in control (C) or day 4 after UUO (U). E: Q-PCR of GAPDH
day 4 after UUO mice. F: Q-PCR of monocyte chemokine and chemokine
CX3CR1. *P � 0.05, and ***P � 0.001 versus sFc-treated UUO kidney (n �

Table 4. The Effect of sPDGFR� and sVEGFR2-Fc on Bone
Marrow Derived Macrophage IL1� Transcripts
After 24 Hours’ Stimulation in Vitro

Activation
conditions Vehicle sFc sPDGFR� sVEGFR2-Fc

Nil 81 � 8 36 � 5 61 � 10 39 � 4

LPS (10 ng/ml) 414�103 247�85 485�94 261�42
rarefaction on day 10 of disease (Supplemental Figure
S7, A–D, see http://ajp.amjpathol.org). These studies sug-
gest that the early angiogenesis observed reflects stable
angiogenesis and is in continuum with the angiogenesis
after day 4, where it is dysfunctional, unstable, and drives
capillary loss. We tested whether VEGFR2 blockade or
PDGFR� blockade also protected the microvasculature
in the fibrosing IRI model, and similar to observations in
the UUO model, blockade of both receptors significantly
attenuated microvascular rarefaction (Supplemental Fig-
ure S4, D and E, see http://ajp.amjpathol.org).

VEGFA Isotype Switching May Contribute to
Unstable Angiogenesis

To further dissect the mechanism by which blockade of
these receptors could have two distinct beneficial roles

tes recruitment of inflammatory macrophages. A–C: Immunofluorescence
or after unilateral ureteral obstruction (UUO) in mice with circulating sFc,

rophages. D–F: Western blot of VCAM1 and ICAM1 and GAPDH expression
lized whole kidney transcripts VCAM1, ICAM1, and TNF� from control and
r transcripts CCL2 (MCP1) and CX3CL1 (fractalkine) and receptors CCR2,
).
attenua
kidneys,
tial mac
-norma
for the kidney after injury, expression of the ligands and
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receptors of the VEGFR2 signaling pathway and PDGFR�
signaling pathways was assessed. The VEGF-A was
widely expressed in the normal kidney (Supplementary
Figure S8A, see http://ajp.amjpathol.org). It was strongly
expressed by podocytes of the glomerulus and tubules of
the kidney. However, it was weakly detectable in peri-
cytes of the normal kidney (Supplemental Figure S8A,
see http://ajp.amjpathol.org), and in some resident mac-
rophages that lay along the microvasculature (Supple-
mental Figure S8B, see http://ajp.amjpathol.org). Peri-
cytes form direct communications with endothelial cells
at peg and socket and other junctions where direct cell-
cell signaling, including VEGF signaling, has been re-
ported to occur.18,19 After injury, there was increased
expression of VEGF-A in pericyte-derived myofibroblasts
(Supplemental Figure S8C, see http://ajp.amjpathol.org),
and in inflammatory macrophages (Supplemental Figure
S8D, see http://ajp.amjpathol.org), although total kidney
VEGF-A was little affected by injury suggesting a com-
pensatory decline in epithelial VEGF-A (Figure 5A), which
was apparent in immunostained kidney sections (Supple-
mental Figure S8, B and D, see http://ajp.amjpathol.org).
Transcripts for all three isoforms of VEGF-A were de-
tected in whole kidney. Whereas injury triggered an in-
creased expression of VEGF-A isoforms VEGF120 and
VEGF188, it triggered decreased expression of VEGF164

Figure 4. VEGFR2 blockade or PDGFR� blockade prevent microvascula
micrographs (A) and quantification (B) of endothelial cells of peritubular cap
obstruction (UUO). C: Morphometric quantification of the kidney microva
microvasculature. *P � 0.05, **P � 0.01, ***P � 0.001 versus normal kidney on
(red) in Coll-GFP control kidneys or after UUO in mice with circulating sFc
of kidney microvasculature. Note on day 4 sVEGFR2-Fc, but not sPDGRF�,
proliferation in control kidneys or day 4 after UUO. **P � 0.01, ***P � 0.00
in the UUO model (Figure 5A), and these observations
were mirrored in the unilateral fibrosing IRI model (Sup-
plemental Figure S4, F and G, see http://ajp.amjpathol.
org). Furthermore, both PDGFR� blockade and VEGFR2
blockade inhibited the injury induced increase in
VEGF120 and VEGF188 transcripts (Figure 5B), suggest-
ing that these isoforms were being generated in myofi-
broblasts or macrophages and also indicating that tar-
geting the endothelial receptor alone was sufficient to
regulate VEGF transcription in neighboring cells. In puri-
fied kidney pericytes VEGF164 was the predominant iso-
form, but in purified kidney myofibroblasts VEGF 120 and
VEGF188 were expressed at higher levels (Supplemental
Figure S8, F and I, see http://ajp.amjpathol.org). A similar
transcriptional switch, especially the de novo expression
of VEGF188, was observed in kidney macrophages com-
pared with circulating monocytes (Supplementary Figure
S8, H and I, see http://ajp.amjpathol.org). Moreover, the
timing of switch of VEGF164 expression in favor of
VEGF120 and VEGF188 (day 4 onward) implied an im-
portant role for this switch in disease progression (Figure
5C). As expected, VEGFR2 was expressed almost exclu-
sively in the kidney endothelium (Figure 5D; Supplemen-
tal Figure S5A, see http://ajp.amjpathol.org), not in kidney
pericytes or myofibroblasts (Figure 5D; Supplemental
Figure S5, B and C, see http://ajp.amjpathol.org). Thus, in
the healthy kidney, VEGF164 is the abundant isoform that

ction but by different mechanisms. A, B: Split panel immunfluorescence
xpressing the pan-cell-cycle marker Ki-67 in kidneys after unilateral ureteral

re showing angiogenic response to injury, followed by rarefaction of the
0. D–F: Immunofluorescence micrographs showing kidney microvasculature
R�, or sVEGFR2-Fc. E and F: Graphs showing morphometric quantification
ts angiogenesis. G: Graph quantifying peritubular endothelial (CD31�) cell
6/group).
r rarefa
illaries e
sculatu
day (d)

, sPDGF
binds to VEGFR2, but during injury, both recruited mac-
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rophages and pericyte-derived myofibroblasts switch to
synthesis of VEGF120 and VEGF188, isoforms that are
known to lead to dysangiogenesis in tumors and devel-
oping organs.25,26

The components of the PDGF-PDGFR system are ex-
pressed constitutively or are up-regulated in most renal
cells and play important roles in kidney fibrosis.12,13,15

The PDGFR� was notably expressed in pericytes/myofi-
broblasts (Figure 5E). The major ligand for PDGFR� is
PDGF-B, which was difficult to detect by immunofluores-
cence in normal kidney and whose transcript was rela-
tively low (Figure 5F). Kidney injury triggered increased
expression of PDGF-B in tubules, endothelial cells, and
macrophages (Figure 5F, Supplemental Figure S8, J and
K, see http://ajp.amjpathol.org). Together with the inhibi-
tory effect of VEGFR2 blockade on PDGF-B transcript
(Figure 1L), these data reveal that targeting the endothe-
lial receptor alone is sufficient to regulate PDGF-B ex-
pression in both endothelial cells and neighboring cells,
and may be a second mechanism by which expansion of
the myofibroblast population is blocked.

Discussion

These studies are the first to show that targeting the kidney
endothelial VEGFR2 receptor alone or PDGFR� alone pro-
foundly inhibits the triad of microvascular rarefaction, inter-
stitial fibrosis, and inflammation in two models of non-glo-
merular kidney injury. These receptors represent potential
novel therapeutic targets for kidney injuries leading to
chronic kidney disease. Loss of pericytes from the capillar-

ies of the kidney due to injury-induced detachment, migra-
tion, and differentiation into myofibroblasts is a major mech-
anism targeted by such receptor blockade. Moreover,
targeting the endothelium-restricted VEGFR2 can prevent
fibrosis, indicating that endothelial determinants regulate
pericyte detachment and differentiation.

Increasingly, microvascular rarefaction is recog-
nized as a central component of chronic kidney dis-
ease, the final common pathway in the kidney leading
to organ failure. Rarefaction is always detected in
chronic diseases of the kidney and leads to tubular and
interstitial ischemia, which in turn drives activation of
parenchymal cells, which recruits inflammatory cells,
mainly macrophages, which become activated, hence
promoting further vascular loss. The role of microvas-
cular injury has not been previously described well in
the UUO model, but the kidney IRI model, also used in
these studies, has a well-defined microvascular injury
component that is due to acute ischemic injury to the
kidney similar to that seen in many forms of human
native and transplanted kidney disease.

It is striking that VEGFR2 blockade prevents not only
signaling at the VEGFR2, but also at the pericyte
PDGFR�. This observation, together with the findings that
nonvascular kidney injury results in early capillary leak,
places capillary injury at the initiation of processes that
result in chronic kidney disease. It suggests that injured
peritubular capillary endothelium becomes susceptible
to VEGFA signaling (from pericytes), which triggers
both angiogenesis and endothelial signals to pericytes
(possibly by endothelial PDGF), which are now sus-
ceptible to PDGF-B signaling, resulting in phosphory-

Figure 5. Kidney injury-mediated switch from VEGF164 to
VEGF120 and VEGF188 isoforms is prevented by PDGFR�
blockade and VEGFR2 blockade. A: Q-PCR time course for
whole kidney VEGFA transcript expression and the VEGFA
splice variants VEGF164, VEGF120, and VEGF188, in days
after the unilateral ureteral obstruction (UUO) surgery. *P �
0.05, **P � 0.01, ***P � 0.001 versus normal kidney at day (d)
0. B: Graphs of normalized Q-PCR for VEGF isomer tran-
scripts showing day 10 after UUO, both PDGFR� blockade
(black bars) and VEGFR2 blockade (hatched bars) pre-
vented the injury-induced increase in VEGF120 and VEGF188
transcripts compared to control Fc (white bars). **P � 0.01,
and ***P � 0.001 versus sFc-treated UUO kidney; *P � 0.5,
and ***P � 0.001 versus CON. C: Time course Western blot for
VEGFA isoforms in kidneys after UUO. D: Immunofluores-
cence images of control and day 4 after UUO kidneys show-
ing VEGFR2 (red) is not expressed by Coll-GFP� cells. E:
Immunofluorescence images of control and day 4 after UUO
kidneys showing PDGFR� is expressed exclusively in Coll-
GFP� pericytes/fibroblasts. F: Q-PCR time course of whole
kidney for normalized PDGF-B transcripts in kidneys after
UUO. *P � 0.05, **P � 0.01, ***P � 0.001 versus normal
kidney at day 0 (n � 5/group).
lation of PDGFR� on pericytes. This injury-stimulated
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cellular cross talk is central to the early events after
kidney injury.

It is also striking that in the UUO model of progressive
injury there is an early angiogenic response, but after day
4 this yields to rarefaction, although endothelial cells are
still observed to proliferate at a similar rate. This suggests
that while early endothelial proliferation results in in-
creased capillary formation, after day 4, in the UUO
model endothelial proliferation is dysfunctional and in-
stead results in endothelial cell loss. One explanation for
this is the loss of pericytes from peritubular capillar-
ies.4,10,38,41 In other tissue beds and in developmental
angiogenesis, pericytes are necessary for stable sprout-
ing angiogenesis and vascular stabilization. Since by day
4, pericytes have detached from capillaries and migrated
into the interstitial space it is likely that this process of
pericyte detachment is a key component of the observed
capillary loss. Although early injury-stimulated angiogen-
esis seems central to the disease process, when we
blocked VEGFR2 or PDGFR� from day 4 of the UUO
model onward, we were nevertheless able to prevent
rarefaction and fibrosis, indicating that the early success-
ful angiogenesis is not crucial to subsequent events, and
indicating that pericyte detachment may be reversible.

Although PDGFR� and VEGFR2 have been reported in
cell types other than pericytes/perivascular fibroblasts and
endothelium, respectively, our studies have not identified
significant other populations of myeloid-derived cells ex-
pressing these receptors in these models of kidney dis-
ease. Therefore, the effects on myeloid recruitment are sec-
ondary to endothelial and pericyte activation rather than
direct effects of soluble PDGFR� or soluble VEGFR2.

When pericytes differentiate into scar-forming myofi-
broblasts, VEGFA expression is increased less than two-
fold. However, myofibroblast differentiation results in an
isotype switch from VEGF164 to VEGF120 and VEGF188
in the kidney interstitial milieu. Moreover, kidney inflam-
matory macrophages undergo a similar isotype switch.
Although functional testing of each of these isoforms in
kidney disease is beyond the scope of these studies, we
speculate that isotype switching is central to the dysfunc-
tional angiogenesis that characterizes UUO from day 4
onward and post-IRI kidney injury from day 7 onward. In
tumor neovascularization, VEGF120 and the highly extra-
cellular matrix bound VEGF188 are responsible for dys-
functional angiogenesis, which results in impaired tumor
growth and vascular instability.25 Therefore, it is likely that
VEGFR2 blockade or PDGFR� blockade inhibit similar
deleterious events in the kidney by preventing pericyte
detachment and differentiation, and preventing inflam-
matory macrophage recruitment.

The effect of VEGFR2 blockade in short-term studies in
kidney epithelial injury models presented here is contrary
to observations of chronic VEGFA deletion in glomerular
podocytes,20 in which VEGFA deletion is deleterious, re-
sulting in thrombotic micro-angiopathy and severe kidney
disease. The fact that our findings are reproduced in two
models of kidney disease suggests to the authors that the
peritubular capillary compartment of the kidney is quite
different from the glomerular capillary compartment with

respect to VEGFA signaling. The glomerulus is known as
a vascular bed with high shear stresses and very high
turnover of glomerular endothelial cells. It is likely that
unlike peritubular capillaries, VEGFA signaling from
podocytes to glomerular endothelial cells is active phys-
iologically, and that a chronic angiogenic response is
normal. Complete loss of the cross talk with endothelium
in the glomerulus in physiological conditions destabilizes
the glomerular endothelium. By contrast, the PTCs are
nonangiogenic in physiological conditions, and injury-
stimulated angiogenesis is at first adaptive but subse-
quently maladaptive. Moreover, unlike genetic deletion of
VEGFA, sVEGFR2-Fc attenuates VEGF signaling, but
does not completely ablate it. Clearly, the distinction be-
tween VEGFA-VEGFR2 signaling in the glomerulus and
PTCs requires further study because it may be that short-
term VEGFR2 blockade is beneficial in acute injury,
whereas chronic blockade is deleterious.

Although the population of Foxd1 progenitor-derived,
Coll-GFP� and PDGFR�� cells in the kidney have been
defined here as pericytes, this includes a small number of
perivascular fibroblasts, and although this newly-de-
scribed population of mesenchymal cells is likely to be
heterogeneous, these studies highlight the fact that
this population of cells as a whole exhibits clear peri-
cyte functionality by having vascular-stabilizing prop-
erties.38,41 It is clear that anatomically, some of these
pericytes have processes that abut tubular basement
membrane in addition to processes with capillary base-
ment membrane42; therefore, they may have been
named as fibroblasts in earlier studies.43,44 Further stud-
ies will be required to determine whether kidney peri-
cytes/fibroblasts can function as a cell-signaling bridge
between the epithelium and endothelium. It is currently
unclear whether all of the Foxd1 progenitor-derived, Coll-
GFP� and PDGFR�� interstitial cells have processes
within the CBM. Currently, there are no molecular mark-
ers that distinguish cells that have pericyte projections
from those that might not. Further studies are required to
define molecular markers that will yield functional signfi-
cance to the heterogeneity of this cell population.

Although endothelium to pericyte signaling is necessary
for pericyte detachment and differentiation into myofibro-
blasts, these studies also indicate that PDGFR� ligation on
pericytes, most likely by endothelial PDGF, is necessary for
interstitial fibrosis, inflammation, and microvascular rarefac-
tion. These studies place the vital cross talk between endo-
thelial cells and pericytes at the center of injury responses in
the kidney, regardless of epithelial events. Furthermore,
they add new meaning to fibrosis, because for the first time,
targeting fibrogenesis will have far greater impact than sim-
ply limiting interstitial matrix deposition.
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